In response to ionizing radiation-induced injury, the normally quiescent intestinal stem cells marked by BMI1 participate in the regenerative response. Previously, we established a protective role for Krüppel-like factor 4 (KLF4) in the intestinal epithelium where it reduces senescence, apoptosis, and crypt atrophy following g-radiation-induced gut injury. We also described a pro-proliferative function for KLF4 during the regenerative phase post irradiation. In the current study, using a mouse model in which Klf4 is deleted from quiescent BMI1
INTRODUCTION
The mouse intestinal epithelium is renewed through intestinal stem cells (ISCs) every 3-4 days (Barker, 2014) . The ''stem cell zone'' model identifying crypt base columnar (CBC) cells at the base of the intestinal crypt (Cheng and Leblond, 1974) and ''+4 stem cell'' model identifying a ring of cells above the CBC cells are two current models of ISCs (Buczacki et al., 2013) . Leucinerich G-protein-coupled receptor 5 (LGR5) marks active CBC stem cells (Barker et al., 2007) , while B-cell-specific Moloney murine leukemia virus integration site 1 (BMI1) marks the +4 position quiescent ISCs (Sangiorgi and Capecchi, 2008) . BMI1 is a component of the polycomb repressor complex, which functions in gene silencing (Luis et al., 2012) . Other markers for the quiescent ISCs at the +4 position have also been identified (Montgomery et al., 2011; Powell et al., 2012; Takeda et al., 2011) . Functional studies have demonstrated that BMI1 + ISCs contribute to the regenerative response to ionizing radiation injury while LGR5 + ISCs are susceptible and unable to lineage trace post-radiation injury (Yan et al., 2012) . Radiation injury to the gut is a common complication in patients undergoing cancer radiotherapy. Radiation causes extensive DNA damage followed by apoptosis, particularly in the actively proliferating cells of the gut, leading to gastrointestinal (GI) syndrome (Anno et al., 1989) . Thus studying mechanisms by which the intestinal epithelial cells regenerate in response to radiation is important for developing strategies to minimize injury resulting from ionizing irradiation. The zinc-finger transcription factor Krüppel-like factor 4 (KLF4) is expressed in the intestinal epithelium, promotes cellular differentiation, and contributes to epithelial homeostasis (Ghaleb et al., 2011) . KLF4 also exhibits an anti-apoptotic activity to g-irradiation in vitro by inhibiting the p53-mediated apoptosis (Ghaleb et al., 2007a) . In vivo, we demonstrated that deletion of Klf4 from the intestinal epithelium has a detrimental effect on the survival of mice following total body irradiation (Talmasov et al., 2014) . In the short term, after irradiation KLF4 suppresses both apoptosis and proliferation and assists in DNA damage repair (Talmasov et al., 2014) . In contrast, during the regenerative phase following irradiation, KLF4 plays an opposite role by promoting crypt cell survival and proliferation (Talmasov et al., 2014) . KLF4 therefore exerts a context-dependent activity in the gut epithelium in response to ionizing irradiation. This context-dependent nature of KLF4's transcriptional activity has previously been observed in vitro (Rowland and Peeper, 2006) .
To reconcile the dichotomy between KLF4's cytostatic nature at homeostasis and pro-proliferative activity during regeneration subsequent to irradiation, we determined the contribution of KLF4 in controlling the fate of BMI1 + ISCs by lineage tracing. Our results indicate that KLF4 is a critical factor that determines the proliferative potential of BMI1 + stem cell-derived lineage.
RESULTS AND DISCUSSION

KLF4 Is Expressed in Isolated Intestinal Crypt
Epithelial Cells KLF4 is expressed along the entire length of the mouse intestine (Ghaleb et al., 2005) , mainly in the non-proliferating, terminally differentiated epithelial cells (Shields et al., 1996; Ghaleb et al., 2007b) . Immunofluorescence (IF) staining of the mouse intestine for KLF4 shows the presence of isolated KLF4 + cells in the crypts (Figures   1Ab and 1Ag ) in addition to an increasing gradient of expression toward the lumen in cells lining the villus border ( Figure 1Ab ). To determine the proliferative state of the isolated KLF4 + crypt cells, we co-stained the tissue for KLF4 and the proliferation marker, MKI67 (Gerdes et al., 1983) . As shown in the example in Figure 1Ai , the majority of KLF4 + cells in the crypts do not co-stain with MKI67. A close examination of the crypts showed that many of the KLF4 + /MKI67 À cells are located in the +4 position of the stem cell zone (Figures 1Ag and  1Ai ; arrows). These results are consistent with previous findings that illustrate the anti-proliferative activity of KLF4 (Ghaleb et al., 2005; McConnell et al., 2007) .
KLF4 Is Expressed in a Subpopulation of BMI1 + Cells in the Intestinal Crypts
The quiescent stem cell at the +4 position has been shown to express BMI1 (Sangiorgi and Capecchi, 2009 ) and is considered the ''reserve'' stem cell (Barker, 2014 (Sangiorgi and Capecchi, 2008) . The tissue was costained for KLF4 to determine the extent to which crypt cells co-express KLF4 and eYFP. Two days following tamoxifen administration, eYFP + cells are present in a distinct number of epithelial cells in the crypts (Figures 1Bb and  1Bg ). As in Figure 1Ag , KLF4 is expressed in cells around the +4 position in the crypt (Figure 1Bh ). Importantly a subpopulation of eYFP + cells (average 19.0% ± 3.3%) also co-stained for KLF4 in the crypt epithelium (Figures 1Bi and 1Bj, arrow Previous studies indicate that while BMI1 + ISCs minimally contribute to homeostatic renewal, they are critical in repopulating the intestinal epithelium following g-irradiation (Yan et al., 2012) . Given that KLF4 is expressed in a subpopulation of BMI1 + crypt cells at the +4 position ( Figure 2 ) and that KLF4 contributes to the regenerative process following irradiation (Talmasov et al., 2014) Figure S1 .
Klf4 Deletion from BMI1 + Cells in Non-irradiated Mice
Leads to Increased Lineage Tracing Figure 3 shows the effect of Klf4 deletion from Bmi1-expressing cells at homeostasis. In non-irradiated control (Ctrl-Sham) mice, eYFP + cells were detected on days 2 and 6 after tamoxifen treatment (Figures 3Aa and 3Ab) with day 6 trending higher than day 2, but did not reach statistical significance ( Figure 3B ). In contrast, the number of eYFP + cells was significantly increased in the crypts of Bmi1 DKlf4 -sham mice on day 6 compared with day 2 after tamoxifen treatment ( Figure 3B ; p < 0.01). Moreover, the number of eYFP + cells in the crypts of Bmi1
DKlf4 -sham mice was significantly higher than that of Ctrl-Sham mice on day 6 after tamoxifen treatment ( Figure 3B ; p < 0.05). In Bmi1 DKlf4 -sham mice, there was a near complete absence of KLF4-expressing cells in the crypts that contain BMI1 + lineages 6 days after tamoxifen treatment ( Figure 3Ap ). These results indicate that lineage tracing from BMI1 + crypt cells is increased when Klf4 is deleted from them, suggesting that one of KLF4's functions during homeostasis is to maintain the quiescent state of BMI1 + ISCs. This is consistent with studies that support an anti-proliferative function of KLF4 in the intestinal epithelium (Ghaleb et al., 2011; Shields et al., 1996) . We also examined the proliferative states of eYFP + crypt cells after tamoxifen administration in control and Bmi1 DKlf4 mice. In control mice the number of (Yan et al., 2012) . We recently showed that mice with intestine-specific deletion of Klf4 are more susceptible to radiation-induced gut injury than mice with intact Klf4 (Talmasov et al., 2014) . This is due to the ability of KLF4 to inhibit apoptosis during the acute phase of radiation injury and to contribute to crypt regeneration during the regenerative phase following irradiation (Talmasov et al., 2014) . Here we sought to determine whether KLF4 is involved in the clonal expansion of BMI1 + cell lineage after radiation. Using the schema depicted in Figure S1 , we performed lineage tracing of eYFP + cells in irradiated control (Ctrl-Irr) and irradiated Bmi1 DKlf4 (Bmi1 DKlf4 -Irr) mice that received 12 Gy total body g-irradiation 2 days after the administration of tamoxifen. Clones of eYFP + cells were detected in the intestine of both Ctrl-Irr and Bmi1 DKlf4 -Irr mice 96 hr following irradiation (6 days after tamoxifen administration) (see Figure 4A for an example; additional examples are provided in Figure S2 ). Consistent with previous findings (Talmasov et al., 2014) DKlf4 mice on days 2 and 6 after tamoxifen administration. A total of 50 crypts containing eYFP + cells were counted per mouse (n = 3 per group). For (B) and (C), statistical analysis was performed using a linear mixed model for repeated measurements with SAS 9.3 (SAS Institute). *p < 0.05; **p < 0.01; ***p < 0.001. Bars represent the SEM. position of the intestinal crypts ( Figure 2B ). This observation suggests that KLF4 marks a unique population of BMI1-expressing crypt cells that are quiescent at homeostasis. As ionizing radiation preferentially targets actively cycling cells, the BMI1 + /KLF4 + cells would be radioresistant while dividing cells (eYFP + /EdU + ) (many of which are located in the transit amplifying zone) are radiosensitive. Given that the normally quiescent BMI1 + cells rapidly proliferate to repopulate the intestinal crypts after irradiation (Yan et al., 2012) and that the regenerated crypts contain a relatively high number of KLF4 + cells that are proliferating (Talmasov et al., 2014 and this study), it is likely that the +4 position BMI1 cells which express KLF4 are a source of clonal expansion during the regenerative phase after irradiation. The differential effect of KLF4 in modulating proliferative capacity of BMI1 + ISCs at homeostasis and during post-irradiation regeneration is intriguing. Our results demonstrate that the homeostatic function of KLF4 is to maintain BMI1 + cells in a quiescent state, whereas KLF4
exerts a pro-proliferative activity on BMI1 + cell-derived lineage after irradiation. The exact mechanism by which KLF4 promotes cell proliferation in the intestinal epithelium following radiation injury is not clear, although previous studies have demonstrated that KLF4 can exert its activities in a context-dependent manner (Rowland et al., 2005) . In cancer it is also known that KLF4 can either be a tumor suppressor or an oncoprotein, depending on the tissues of origin (Evans and Liu, 2008; McConnell et al., 2007) . Here we show that reduced clonogenic capacity of BMI1 cell-derived lineage in the absence of KLF4 after irradiation is the combined result of reduced proliferation ( Figure 4 ) and increased apoptosis ( Figure S3 ). The antiapoptotic activity of KLF4 following g-radiation-induced DNA damage has previously been observed in vitro and is thought to be mediated by the ability of KLF4 to inhibit transactivation of the proapoptotic BAX gene by p53 (Ghaleb et al., 2007a ). The exact mechanism by which KLF4 switches roles from an anti-proliferative to a pro-proliferative factor during the regenerative phase after irradiation is less clear. Given that expression of KLF4 in the intestinal epithelium is regulated by the Wnt and Notch pathways (Ghaleb et al., 2008; Zhang et al., 2006) , it is plausible that either the Wnt, Notch, or both pathways are perturbed following ionizing radiation (Davies et al., 2008) , converting the normally cytostatic function of KLF4 to a pro-proliferative one. A recent study further highlights the significance of reserve ISCs in mediating epithelial regeneration following tissue damage. Roche et al. (2015) demonstrated that a subset of crypt-based cells with high levels of SOX9, shown also to be the label-retaining cells (LRCs), co-express markers of active (e.g. LGR5) and reserve ISCs (including BMI1). In these cells, SOX9 limits the proliferation of LRCs at basal state but imparts radiation resistance. Thus, mice with intestine-specific deletion of Sox9 lost their regenerative capacity following radiation damage (Roche et al., 2015) . These results are reminiscent of the role of KLF4 in mediating epithelial regeneration after radiation injury described here and previously (Talmasov et al., 2014) . It is also of interest to know that both KLF4 and SOX9 were shown to antagonize Wnt signaling in cancer cells by inhibiting b-catenin and TCF activity (Sellak et al., 2012) . Whether KLF4 and SOX9 function synergistically to regulate reserve ISC function under basal conditions and/or following radiation injury requires further investigation.
In summary, the results of our study demonstrate that KLF4 modulates the fate of BMI1 + ISCs in vivo and contributes to crypt regeneration from the BMI1 + cell-derived lineage by promoting its clonal expansion after g-irradiation.
These results support a role for KLF4 in modulating plasticity of ISCs and protecting the intestine from radiationinduced injury. DKlf4 mice were injected with tamoxifen and subjected to 12 Gy total body irradiation on day 2 after injection. Tissues were collected on day 6 after injection (day 4 after irradiation). IF staining of eYFP (green), KLF4 (red), and EdU (magenta) in the intestine of Ctrl and Bmi1
EXPERIMENTAL PROCEDURES
Mouse Strains and Treatments
DKlf4 mice was performed and a representative result is shown. DKlf4 mice on day 6. A total of 16 eYFP + crypts were measured per mouse (n = 4 per group). Data represent averages ± SEM. ***p < 0.001. For (B), (C), and (D), a total of 16 crypts were counted per mouse (n = 4 per group). Data represent averages ± SEM. ***p < 0.001. g-irradiation procedures are described in Supplemental Experimental Procedures. All animal studies were approved by the Stony Brook University Institutional Animal Care and Use Committee (IACUC).
Tissue Preparation
Small intestines harvested from euthanized mice were flushed with modified Bouin's fixative (50% ethanol, 5% acetic acid) and cut open longitudinally. The intestines were Swiss-rolled, fixed, and embedded in paraffin. Five-micrometer-thick sections were cut for IF staining at the Department of Pathology of Stony Brook University.
Immunofluorescence
For immunostaining, sections were de-paraffinized in xylene, incubated in 3% hydrogen peroxide in methanol for 30 min, rehydrated in an ethanol gradient, and treated in 10 mM Na-citrate buffer (pH 6.0) at 120 C for 10 min in a pressure cooker. The sections were incubated in a blocking buffer (1% BSA and 0.01% Tween 20 in 13 Tris-buffered PBS). Specifications of primary and secondary antibodies are described in Supplemental Experimental Procedures.
Cell and Crypt Scoring
Cells showing immune reactivity for eYFP and KLF4 and positive for EdU label were counted and scored within the crypts of the small intestine. The numbers were represented as the average of the total number of positive cells per positive crypt or as the fold change compared with basal levels.
TUNEL Assay
Histological sections were de-paraffinized and treated in 10 mM Na-Citrate buffer (pH 6.0) at 120 C for 3 min and cooled to room temperature. TUNEL assay for apoptotic cells was performed using the In Situ Cell Death Detection Kit, TMR red (Roche) as per manufacturer's instructions. Immunostaining for eYFP was carried as mentioned above. Cells showing immune reactivity for eYFP and positive for TMR label were scored within the crypts of the small intestine. The numbers were represented as the average of the total number of apoptotic cells per eYFP crypt.
Statistical Analysis
A linear mixed model for repeated measurements was used to estimate mean values and make comparisons among groups. Each mouse was treated as a random effect. Log transformation was used to make model assumptions when needed. Statistical analysis was carried out using SAS 9.3 (SAS Institute). Bars in each bar plot were 95% confidence interval of estimated means. In addition, Student's t test was performed using GraphPad Prism version 5.0 for Windows (GraphPad). 
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